We propose a trap for cold neutral atoms using a fictitious magnetic field induced by a nanofiberguided light field. In close analogy to magnetic side-guide wire traps realized with current-carrying wires, a trapping potential can be formed when applying a homogeneous magnetic bias field perpendicular to the fiber axis. We discuss this scheme in detail for laser-cooled cesium atoms and find trap depths and trap frequencies comparable to the two-color nanofiber-based trapping scheme but with one order of magnitude lower powers of the trapping laser field. Moreover, the proposed scheme allows one to bring the atoms closer to the nanofiber surface, thereby enabling efficient optical interfacing of the atoms with additional light fields. Specifically, optical depths per atom, σ0/A eff , of more than 0.4 are predicted, making this system eligible for nanofiber-based nonlinear and quantum optics experiments.
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PACS numbers: 37.10.Jk, 42.50.Ct, 37.10.Gh Trapping and optically interfacing cold neutral atoms in the near field of nanophotonic structures have attracted considerable attention in recent years [1] [2] [3] . A successful and highly promising approach in this endeavor relies on the use of optical dipole forces of a blueand a red-detuned nanofiber-guided light field in order to form a so-called two-color trap [4, 5] . This scheme has been demonstrated experimentally for laser-cooled cesium, storing the atoms at about 200 nm above the nanofiber surface [1, 2] . Other types of nanofiber-based traps for cold atoms have been discussed theoretically, relying on, e.g., the combination of an attractive potential of a red-detuned field and the repulsive potential of the centrifugal force [6] , the interference of higher-order modes [7, 8] , a diffracted laser field impinging perpendicularly to the fiber [9] , or by modifying the two-color scheme to form a helical trapping potential [10] .
In this paper, we propose a nanofiber-based trap for cold neutral atoms that relies on the Zeeman-statedependent energy level shift induced by a nanofiberguided light field. Our work has close conceptional ties with optically induced hybrid traps on atom chips [11] and is focused on exploiting the advantages offered by optical nanofibers. Specifically, our trapping scheme features a lower required power of the guided trapping light compared to the two-color trap as well as a smaller distance between the atoms and the fiber surface. This enables a better coupling of the trapped atoms to additional light fields. Moreover, the proposed scheme is closely related to magnetic wire traps, allowing one to benefit from the well-established methods developed in this field.
We consider a cylindrical dielectric waveguide of refractive index n and radius a surrounded by vacuum. For a sufficiently small radius a, typically a few hundred nanometers, this system acts as a single-mode waveguide for light. The only sustained mode of this optical nanofiber is the hybrid HE 11 mode [12] . Light propagating in optical nanofibers is strongly guided and, hence, exhibits a significant longitudinal polarization component. In addition, a large fraction of the total optical power P of the guided field propagates outside of the nanofiber in the form of an evanescent wave [13] . We sketch a typical intensity distribution for a quasicircularly polarized nanofiber-guided mode in Fig. 1(a) .
Generally, the energy levels of an atom exposed to a light field are modified due to the ac-Stark effect. For alkali atoms in their electronic ground state, this light shift has two contributions arising from the scalar and vector polarizabilities of the atom. The scalar light shift is the same for all Zeeman states within one hyperfine manifold. Here, we make this contribution vanish by using a nanofiber-guided trapping field at a "tune-out" wavelength [14] . For 133 Cs atoms, this is achieved at λ trap = 880.25 nm, which is in between the D1 line (≈ 894 nm) and the D2 line (≈ 852 nm) such that their contributions to the scalar shift exactly cancel. The remaining effect of the nanofiber-guided light field on the atomic levels arises from the vector light shift only. The latter depends on the magnetic quantum number m F and can be expressed as the effect of a light-induced fictitious magnetic field [15, 16] 
Here, µ B is the Bohr magneton, g nJF is the Landé factor for the hyperfine level |nJF , α v nJF is the conventional vector polarizability of the particular hyperfine level, and E is the positive-frequency electric field envelope for a light field, which is related to the electric field E by E = 1/2 (Ee −iωt + c.c.). The magnitude of the lightinduced fictitious magnetic field B fict is proportional to the intensity of the light field, and the direction of B fict is determined by the sign of α B fict = 0. In Fig. 1 (b), we show schematically the fictitious magnetic field B fict induced by a quasi-circularly counterclockwise polarized light field guided in the HE 11 mode [17] . The fictitious field B fict can be decomposed into two components, azimuthal and axial. The azimuthal (ϕ-) component (blue arrows) has the same orientation as the magnetic field around a current-carrying wire. The axial (z-) component of B fict (red arrows) is parallel to the direction of propagation of the guided field. This component has no equivalent in current-carrying wires. Furthermore, the radial (r-) dependence of B fict differs from the 1/r-behavior encountered in the case of current-carrying wires. In Fig. 1(c) , we plot the azimuthal and axial components of B fict as a function of the radial position. Analytically, B fict is given by
Here, (r,φ,ẑ) are the unit vectors and e(r) is the unnormalized mode-profile vector function of the electric part of the fundamental guided mode HE 11 . The components of the latter are given by [12] 
The above equations for e(r) are valid for r > a, i.e., outside of the nanofiber. The notations J n and K n stand for the Bessel functions of the first kind and the modified Bessel functions of the second kind, respectively. The parameter s is defined as
Other parameters are the propagation constant β of the guided field, and the free-space wave number k of the field. The normalization constant A in Eq. (3) can be determined from the optical power of the nanofiber-guided light field.
For an atom in the electronic ground state, the fictitious magnetic field behaves in almost every respect like a real magnetic field [15] [16] [17] . In particular, both fictitious and real magnetic fields are pseudo-vectors. Thus, the fictitious magnetic field B fict can be vector-added to any static real magnetic field B, such that the atom is in total exposed to the effective magnetic field B eff = B fict + B. This has been found in early work by Cohen-Tannoudji and Dupont-Roc [15] , and further supported in various experiments, demonstrating, e.g., optically induced spin precession in an atomic beam [18] .
Based on these considerations and in analogy to the side-guide traps using current-carrying wires [19] [20] [21] , we propose to create an optical wire trap for neutral atoms. For this purpose, we apply a magnetic bias field B bias perpendicular to the axis of the nanofiber in Fig. 1 . Similar to conventional side-guide wire traps, low-fieldseeking atoms can be confined in the (x, y)-plane around a line of minimal magnetic field that forms parallel to the nanofiber axis. The shift of the internal-state energy of a paramagnetic atom due to the effective magnetic field B eff is given by
where µ is the magnetic moment of the atom. If µ can adiabatically follow the direction of the local effective magnetic field while the atom moves within the potential, then Eq. (5) simplifies to [22] 
For the trap presented here, the separation between the atom and the nanofiber is on the order of a few hundred nanometers and surface effects have to be taken into account. We include the latter into our calculations using a van der Waals potential of the form Fig. 1(c) ; a magnetic bias field B bias = 22 G is applied in the −x-direction. The van der Waals potential induced by the nanofiber is taken into account as U vdW = −C3/(r − a) 3 with C3 = 5.6 × 10 49 Jm 3 .
cesium. The total potential energy shift of the atom is then given by U = U mag + U vdW . We now discuss the characteristics of the optical wire trap. Specifically, we calculate the potential energy U of a 133 Cs atom in the state 6S 1/2 , F = 4, m F = 4 . Figure 2 shows the trapping potential calculated for a silica nanofiber with refractive index n = 1.45, radius a = 230 nm, a guided trap light field with a power of 1.2 mW, and a homogeneous magnetic bias field of 22 G, applied along the −x-direction. A local minimum of U is formed about 150 nm above the nanofiber surface at (x = 0, y 0 ≈ 150) nm. The depth of the potential U 0 /k B ≈ 300 µK in Fig. 2 is sufficient for storing laser-cooled cesium atoms. Note that, in contrast to conventional wire traps, the azimuthal component of the fictitious magnetic field and the applied bias field do not completely cancel each other at the minimum of the trapping potential. This is connected to the presence of the spatially varying z-component of the fictitious magnetic field, B fict z . When neglecting surface effects, the local minimum of the potential in the fiber transverse plane, U (r, ϕ), can be determined from the condition ∇|B eff (r, ϕ)| = 0. For a bias field oriented along the −x-direction, the minimum of the potential in the radial direction can be found be solving
As opposed to conventional wire traps, the term ∂ r B fict z (r) generally differs from zero in the case of the optical wire trap.
We now investigate the dependence of the optical wire trap on various parameters that can be readily varied experimentally. The distance between the trap minimum and the fiber surface can be influenced by altering the ratio of the strengths of the fictitious field and the bias field. In Fig. 3 , the trapping potential U (x = 0, y) is shown for a fixed optical power P = 1.2 mW and different strengths of the bias field in the range B bias = 10, . . . , 34 G for increments of 3 G. For each calculated potential, we add an energy offset such that U (x = 0, y → ∞) = 0. For increasing B bias , the separation between the trap minimum and the surface of the fiber reduces. For the trap configurations with B bias = {25, 28, 31, 34} G, the relative contribution of U vdW to the total trapping potential is so large that the potential opens towards the surface of the nanofiber. Changing the trap depth while keeping the position of the trap minimum approximately constant can be achieved by scaling P and B bias proportionally. In Fig. 4 , the trapping potential U (x = 0, y) is shown for P = κ · 1.2 mW and B bias = κ · 22 G with κ = {0.5, 1, 1.5, 2, 2.5, 3}. Table I lists the trap depth U 0 , the separation y 0 −a between the trap minimum and the surface, and the radial and azimuthal trap frequencies (ω r , ω ϕ ) for five example trapping configurations. The traps (a) to (d) have a depth that is suitable for storing laser-cooled atoms and exhibit trapping frequencies between a few ten kHz and a few hundred kHz. Configuration (e) exhibits a smaller trap depth, aimed for the storage of ultracold atoms. This configuration requires a lower trapping laser power of only P = 150 µW and yields trap frequencies of a few ten kHz. In all five cases, the separation between the trap minimum and the surface of the fiber is between about 100 nm and 200 nm.
A small distance between the trap minimum and the surface of the nanofiber allows one to efficiently interface the atoms with additional guided light fields. A simple and common measure for the strength of this coupling is given by the resonant optical depth per atom σ/A eff [1, 2, 23] . Generally, the on-resonance cross section of the atom is given by σ = ωΓ/(2I sat ) with the decay rate of the excited state Γ and the saturation intensity I sat . Here, we approximate σ as σ 0 = 3λ 2 /2π, which is the on-resonance cross section of the atom driven on a cycling transition in free space. We note that this description neglects a possible increase of the spontaneous emission rate of the trapped atom due its close proximity to the fiber surface [24] [25] [26] . The effective mode area A eff of a guided probe field at the trap minimum (x = 0, y 0 ) is given by A eff = P probe /I probe , with P probe being the power of the guided probe field and I probe = c 0 |E(t)| 2 T the intensity of the probe field at the trap minimum. In the definition of the intensity, c is the speed of light in vacuum, 0 is the electric permittivity, and . . . denotes the time average of the square of the absolute value of the electric field over one oscillation period. In Tab. I, σ 0 /A eff is evaluated for a quasi-linearly-polarized probe light field with its plane of polarization orientated such that the intensity at the position of the atoms is maximized [13] , i.e., with its main plane of polarization containing the fiber axis and the trap minima. The field is chosen to be resonant with the cesium D2 cycling transition F = 4 → F = 5 at a wavelength of 852 nm. All configurations show large values of σ 0 /A eff , with the weakest coupling being 0.17 (e) and the strongest 0.43 (c). This significantly exceeds the optical depth per atom of 0.08 that has been obtained experimentally with the two-color nanofiber-based trapping scheme [2] and is a result of the smaller trap-surface distance that can be achieved in the case of the optical wire trap. Cold atoms trapped in an inhomogeneous magnetic field can undergo spin flips [27] when their magnetic moment does not adiabatically follow the orientation of the local magnetic field. An atom can, for example, undergo a transition from a trapped (low-field-seeking) state to an untrapped (magnetic-field-insensitive or highfield-seeking) state and be lost from the trap. This effect becomes significant if atoms move through regions of small or even vanishing magnetic field, e.g., in a linear or spherical magnetic quadrupole field. Spin flips can be efficiently suppressed by an offset magnetic field or by using time-averaged potentials. In order to quantify the effect of spin flips in our system, we calculate the spin flip rate Γ sf for the trapping configurations (a) to (e) using the formula [27, 28] 
where ω t is the trap frequency, is the reduced Planck constant, and E 0 = µ B |g nJF ||B| is the energy gap between the potential branches for the different states. For all example configurations, we obtain negligible spin flip rates as summarized in Tab. I. In order to perform a conservative estimation, the larger of the two trap frequencies, ω r , has been used for the calculations. Advantageously, the axial component of the fictitious magnetic field shown in Fig. 1 acts as an integrated offset field for the optical wire trap, thereby intrinsically suppressing spin flips. This intrinsic offset field can be changed by varying the fiber radius a, thereby changing the local polarization of the guided trapping laser field and, thus, the ratio between the azimuthal and axial components of B fict . Additionally, the offset field can be modified using an axial component of the external magnetic field as it is typically done for conventional magnetic wire traps. This method was applied for example (e) in Tab. I.
An atom trapped in state |F = 4, m F = 4 may also undergo a change of its hyperfine-and/or Zeeman state due to spontaneous Raman scattering of trapping light. In Tab. I, we calculate the light-induced excitation rate Γ exc according to [29] Γ exc = I trap η s + (−1)
with I trap (x = 0, y 0 ) being the intensity of the trapping field at the trap minimum, η s = 0.2446 kHz cm 2 /MW and η v = 2.860·10 −2 kHz cm 2 /MW the scalar and vector scattering coefficients, F and I the conventional quantum numbers of the total spin and the spin of the atomic core, respectively, and C the trapping field polarization ellipticity [16] . The rate Γ exc is a worst-case estimate as spontaneous scattering does not necessarily change the atomic state. However, we expect inelastic scattering to be enhanced because the wavelength of the optical wire trap lies in between the two D-lines [30] . The values obtained for the configurations (a) to (e) are on the order of 1 s −1 to 10 s −1 which, despite the smaller detuning of the trapping field, is comparable to the rates for the two-color trap realized in [1] . This is due to the low intensity of the trapping light at the position of the atoms as compared to the two-color scheme. Note that optical-wire-trapping of other alkali atoms than cesium should be feasible, too. However, for the same trap depths, the scattering rate will be larger by a factor of about 3, 12, and 67 for rubidium, potassium, and sodium, respectively [31] .
The potentials presented above are translationally invariant along the fiber and thus form a guide for atoms parallel to the fiber axis. Additional axial confinement can be straightforwardly provided by means of an externally applied inhomogeneous magnetic field. Moreover, counter-propagating fiber-guided fields can yield a periodic axial modulation of the fictitious magnetic field [17] and, thus, might allow one to form a periodic array of trapping sites.
In summary, we proposed a novel nanofiber-based trapping scheme and analyzed important trap parameters in detail. Our optical wire trap features depths which are sufficient to store laser-cooled atoms while using optical powers of the trapping field which are one order of magnitude smaller than these for a typical two-color nanofiber-based trap. Thanks to the close analogy of our scheme to conventional wire traps for paramagnetic atoms, established techniques from this field such as the adiabatic transformation of trapping potentials for trap loading, evaporative cooling of the atoms, or the interrogation of the atomic ensemble using dispersive light fields should be applicable for the optical wire trap [20, [32] [33] [34] . Our scheme can access trap parameters comparable to the steepest wire traps formed close to miniaturized wires [22, 35] such as current-carrying carbon nanotubes [36] [37] [38] , thereby opening up opportunities for studying surface physics [39] and one-dimensional matter wave dynamics [40, 41] . Additional magnetic trapping configurations might arise due to the fact that fictitious magnetic fields can also have a local maximum in free space which is not possible for real magnetic fields [42] . In contrast to conventional wire traps, surface-induced spin flips due to Johnson noise [43] will be negligible in our system [44] , even for small separations of the atoms to the dielectric surface of the nanofiber. For typical configurations of the optical wire trap, the local minima of the potential are about 100 to 200 nm away from the fiber surface which is a key advantage when it comes to optically interfacing trapped atoms with further nanofiberguided light fields. In our system, optical depths per atom of up to about 0.4 are accessible, opening a realm of applications in nanofiber-based nonlinear and quantum optics.
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